Abstract. Brief exposure of etiolated maize seedlings to light induces large increases in adenylate kinase and inorganic pyrophosphatase activity of the leaf in the following 48 hr in the dark. Red light is more effective than white or far red light, and far red reverses the effeot of red light, indicating phytochrome control. Out of several tested, only these 2 enzymes appear to be coordinately induced, which is consistant with their close functional relationship. For inorganic pyrophosphatase, light treatment induces biosynthesis of a distinctive form of the enzyme characteristic of chloroplasts, readily separable from the enzyme characteristic of etiolated tissue.
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We have previously described (10) a potent and specific inorganic pyrophosphatase in maize leaf chloroplasts, and demonstrated that the level of this readily-solubilized enzyme activity depends upon the amounit of light provided for the growing plant. The distribution and other properties of this enzyme are consistent Withl a role in the C4 dicarboxylic acid pathway of CO., fixation (12) (6) , which has also been fouind in microbial systems (3, 9) and given the trivial name phosphate, pyruvate dikinase (9 Fig. 1 Response of inorganic pyrophosphatase activity to approximately equivalent amounts of energy as white, red, and far-red light; and antagonism of red and far-red light. Six day old etiolated maize seedlings were irradiated for 2 to 4 min as described in Methods, then kept in darkness for 48 hr at which time the activity was determined and compared with the value obtained from sample taken at the time of irradiation. Multiple exposures of a single sample were performed no more than 10 min apart. R, red; Fr, far-red.
applied immediately afterwards, but far red irradiation before red light treatment did not diminish the red light effect. Although complete photoreversibility of the system was not observed during the second cycle (R-Fr-R), the observed effects are in general consistent with those expected of a system controlled by phytochrome. Similar, but limited, experiments with etiolated albino seedlings also demonstrated considerable stimulation of inorganic pyrophosphatase activity in the dark period following the same brief exposure to red light, suggesting that the phytochrome system is functional in these plants.
The increase in pyrophosphatase activity in the dark following a brief light exposure could be due either to synthesis of new enzyme protein or to activation of a previously existing enzyme. Examples of both types have recently been reported. Rapid activation by light (but not necessarily mediated by phytochrome) of the functionally related enzyme, phosphate, pyruvate dikinase, has been observed in the leaves of Amaranthus palmeri (11) . Phytochrome-controlled increases in the activity of several enzymes in dark-grown bean seedlings have been demonstrated to require protein synthesis (4), and to occur at rates comparable to those observed here (see Fig. 4 ).
Several observations reported below support the idea that the photoprocess described here is induction of enzyme synthesis rather than activation. After several abortive attempts to observe effects of inhibitors of protein biosynthesis by floating excised shoots on buffer solutions containing the inhibitors, it was found that injection of chloramphenicol or cycloheximide into the node of etiolated maize seedlings just prior to irradiation almost completely inhibits the response to irradiation, and can even cause loss of activity (table I) . Pyrophosphatase activity of etiolated seedlings excised just below the node and floated on 10 mM citrate, pH 5, is not responsive to a brief light exposure, but a normal increase in activity is observed in continuous light (Fig. 3) . Thus if the increased activity is due to activation of previously existing enzyme, then some additional factor supplied through the stem is necessary for the activation to occur, and activation can be prevented by inhibitors of protein biosynthesis. of new enzyme requiring an energy source supplied either as metabolite through the stem or by photosynthesis under conditions of continuous illumination.
The increase in pyrophosphatase activity following a brief illumination occurs in the dark over a period of several hr ( 10) , with only a slight lag period (see Fig. 4 ). There is, however, a definite period beyond which reversal by far red light is no longer possible. Table II summarizes the effect of delaving the far red treatment for various times after treatment with red light. Between one-half hr and 2 hr after irradiation with red light the system has been "committed" to synthesis of new enzyme, and subsequenit far red treatments stimulate, rather than oppose, the effect of red light. It has repeatedly been observed that once pyrophosphatase activity has been induced, it is stable indefinitely in the dark, and does not diminish due to reversal of some "activation" process, or to lack of resynthesis in a system in which the enzyme is turning over.
It has been found that other factors, some as yet unknown, can also initiate the induction process, apparently independent of the effect of light. Occasional batches of etiolated seedlings appear to have been induced prior to, or independent of, irradiation. In Fig. 4 is presented an experiment in which heat, in the absence of light, appeared to serve as an effective inducer. Incubation at 370, rather than 3,00, resulted in not only a more rapid response to irradiation than at 30°, but also, after a long lag, increased the pyrophosphatase activity of the dark control to a level equivalent to that observed after a brief exposure to red light. Hendricks and Borthwick have suggested that the primary effect of phvtochrome irradiation is on membrane permeability (8) , and it seems possible that the selective permeability of highly organized biological membranes might also be altered by other factors including temperature changes. In the present case, an increase in membrane permeability couild be conceived of as initiatitng the induction process by permitting contact between a chemical inducer and the inducible system. Red Light Four groups of 6 day old etiolated seedlings were exposed to red light for 3 min and returned to darkness. At the indicated times single groups were exposed to far red light for 4 min, then returned to darkness. Pyrophosphatase activity was determined 48 hr after the initial (red) irradiation, and compared to control groups which had no light at all or red light only.
Time of far red irradiation
A Activity (after red irradiation) (compared to dark control) Half of a group of 6 day old seedlings grown at 300 were exposed to red light for 3 min, and the entire group was transferred to a 370 room in the dark. Samples were taken at the times indicated. 0, exposed to red light; *, dark controls.
It has been suggested that adenylate kinase and inorganic pyrophosphatase serve to drive reaction 2 toward synthesis of phosphoenolpvruvate by removal of by-product AMP and pyrophosphate (5) . If this process represents a major metabolic role of these enzymes, their close ftunctional relationship might be reflected in similarities in distribution, intracellular location in the chloroplasts, and control by the phytochrome system. The distribution of a potent adenylate kinase activity parallels that of inorganic pyrophosphate (5) , and both are located in the chloroplasts (6) .
The sensitivity of adenylate kinase activity of etiolated maize seedlings to a brief red light treatment is compared to that of pyrophosphatase, tinrelated enzymes, and other physiological parameters in Fig. 5 . The activity of adenylate kinase is stimulated almost as greatly as that of pyrophosphatase, and to a far greater extent than the cytoplasnmic enzyme, acid phosphatase, or the chloroplast enzynme (10), TPNH diaphorase. These observations are entirely consistent with phytochrome control of adehylate kinase, and emphasize the specific nature of the photoresponse. Continuous white light has recently been reported to elicit a similar selectivity of response (6) . The patterns of response of these enzymes to varied light regimens are presented in Fig. 6 . Under a variety of conditions inorganic pyrophosphatase and adenylate kinase show virtually identical responses, distinctively different from other chioroplast or cytoplasmic enzymes. The similarity of the responses of the 2 enzymes, which is consistent with, but not proof for, their proposed functional relationship, suggests that they share common cellular controls; i.e., are subject to coordinate induction. In contrast, several maize leaf enzymes involved in the classical Calvin pathway of CO2 fixation, which may be less important than the phosphoenolpyruvate carboxylase pathway in maize (12) , appear not to be coordinately induced by light (1) .
Aqueous extracts of maize leaves subjected to gel electrophoresis or DEAE-cellulose column chromatography contain 2 major components of inorganic pyrophosphatase activity. Column chromatography of extracts of both etiolated and light-grown plants of the same age (Fig. 7) indicates that only 1 of these forms of the enzyme is subject to control by light. The results suggest that the form eluted first from the column is the chloroplast enzyme, induced by light, and that the other, non-inducible or constitutive form, is a cytoplasmic enzyme found in both etiolated and normal plants. Previous studies of maize leaf pyrophosphatase (10) were done on extracts of somewhat older light-grown plants in which the great bulk of the activity is due to the inducible form. Comparison of the properties of the 2 forms of the enzyme are currently underway in our laboratory.
Comparison of the effects of chloramphenicol and cycloheximide on Column chromatography of extracts from etiolated and light-grown plants. Five grams of tissue from 7 day old maize seedlings, either etiolated plants excised at the node (upper curve) or leaf tissues from plants grown in the light as previously described (10) (lower curve), were homogenized for 1 min in a Waring Blendor with 25 ml of cold 50 mm tris acetate, pH 7.5, which contained 2 mm PPP. After centrifugation for 10 min at 10,000g, 20 ml of the supernatant layer was applied to a 1 X 14 inch column of DEAE cellulose which had been equilibrated with 50 mm tris acetate, pH 7.65. The column was eluted with a linear gradient of 0.02 M MgC12 to 0.12 M MgCl2, each dissolved in 500 ml of 50 mm tris acetate, pH 7.65. Fraction size was 10 ml, and flow rate was 2 ml/min. Recovery was 90 to 100 % of applied pyrophosphatase activity. cycloheximide, and chloroplast ribosomes have the opposite sensitivity (2) . Thus the almost complete inhibition of the response to light after injection of chloramphenicol (table I) suggests that the lightinduced inorganic pyrophosphatase is located in the chloroplasts, in agreement with earlier studies on the intracellular distribution of the enzyme (10) , and that the cytoplasmic enzyme is unaffected by this antibiotic. The smaller increase in pyrophosphatase activity which occurs during the same 48 hr period in plants not exposed to light is probably due to continued synthesis of the cytoplas.mic enzyme, which is effectively inhibited by cycloheximide (table I) . The residual activity 48 hr after cycloheximide treatment and irradiation is nearly equivalent to the increment of increased activity in the irradiated. water-injected controls. This suggests that the cytoplasmic enzyme "turns over", and that because its resynthesis is inhibited by cycloheximide it has been completely lost after 48 hr, whereas normal amounts of chloroplast enzyme are induced by light and synthesized in the presence of cycloheximide. This hypothesis is currently under investigation in our laboratory.
